J Clin Invest. 2013;123(6):2464-2474. https://doi.org/10.1172/JCI60945. B cell-dependent immunity to rotavirus, an important intestinal pathogen, plays a significant role in viral clearance and protects against reinfection. Human in vitro and murine in vivo models of rotavirus infection were used to delineate the role of primary plasmacytoid DCs (pDCs) in initiating B cell responses. Human pDCs were necessary and sufficient for B cell activation induced by rotavirus. Type I IFN recognition by B cells was essential for rotavirusmediated B cell activation in vitro and murine pDCs and IFN-a/b-mediated B cell activation after in vivo intestinal rotavirus infection. Furthermore, rotavirus-specific serum and mucosal antibody responses were defective in mice lacking functional pDCs at the time of infection. These data demonstrate that optimal B cell activation and virus-specific antibody secretion following mucosal infection were a direct result of pDC-derived type I IFN. Importantly, viral shedding significantly increased in pDC-deficient mice, suggesting that pDC-dependent antibody production influences viral clearance. Thus, mucosal pDCs critically influence the course of rotavirus infection through rotavirus recognition and subsequent IFN production and display powerful adjuvant properties to initiate and enhance humoral immunity.
Introduction
Humoral immunity provides a critical line of defense against microbial infection at mucosal surfaces. Within the intestine, the largest mucosal surface, secretory IgA is the most abundant antibody under steady-state conditions (1) . T cell-dependent IgA induction occurs in response to many infectious agents and requires affinity maturation within germinal centers. Conversely, T cell-independent class switch leads primarily to production of low-affinity antibodies against commensal intestinal bacteria (2) (3) (4) (5) . Both mechanisms of IgA induction are critical to the maintenance of gut integrity, as mice deficient in the machinery of class switching to IgA or somatic hypermutation suffer from mucosal infections and hyperplasia in mesenteric LNs (MLN) and Peyer's patches (6, 7) .
Plasmacytoid DCs (pDCs) are crucial first responders to viral infection due to their ability to rapidly induce type I IFN upon recognition of virally encoded molecular patterns, such as singlestranded RNA or DNA (8, 9) . The resulting type I IFN response affects viral replication while simultaneously activating diverse immune effector cells (10) . Specific ablation of pDCs during viral infection significantly diminishes the early type I IFN response (11) (12) (13) (14) . During herpes simplex-1 and vesicular stomatitis virus infection, pDC depletion impairs CD8 + T cell immunity (12, 15) ; similarly, during murine cytomegalovirus infection, the absence of pDCs results in diminished activation of early, nonspecific NK cells (12) . pDCs can also activate B cells and induce antibody class switch through type I IFN (16) (17) (18) (19) . These studies, however, involved CD40 engagement on the B cell as a secondary stimulus. Microbiota-triggered type I IFN derived from intestinal stromal epithelial cells acts on pDCs to induce IgA during steady state (20) . However, the mechanisms governing optimal induction of mucosal antigen-specific IgA responses to viral infection and the role of pDCs in this setting remain unclear.
We have recently demonstrated that stimulation of purified primary human pDCs with rotavirus (RV), an important intestinal pathogen in humans and many animals, directly induces secretion of cytokines, including large amounts of type I IFN (21) . Additional studies demonstrate that lymphoid, but not epithelial, cells produce the majority of intestinal type I IFN after in vivo RV infection (22) . As such, we sought to determine whether pDCs directly contribute to B cell activation and subsequent virus-specific antibody production, using both the human in vitro and murine in vivo models of RV infection. B cells represent an important component of the protective immune response against RV: mice deficient in B cells are susceptible to reinfection as adults (23) , and antibodies, but not T cells, mediate long-term protection from reinfection (24) (25) (26) (27) . Additionally, RV-specific serum antibodies are sufficient to suppress RV antigenemia in the absence of T cells (28) , and transfer of B cells is sufficient to effect RV clearance in chronically infected Rag-knockout mice (29) . Passive transfer of highly purified human IgM memory B cells into NOD/Shi-SCID IL-2Rγ null immunodeficient mice suppresses systemic RV viremia, but not fecal shedding (30) . In vivo RV infection results in early and substantial B cell activation (31) (32) (33) , which is also observed following in vitro RV infection of human PBMCs (34) . This activation requires the presence of accessory cells; purification of human B cells prior to infection completely abrogates this response (34) . These effects are likely mediated by an innate cell, as comparable levels of B cell acti-vation are observed in wild-type and T cell receptor-deficient mice (31) . We hypothesize that pDCs mediate RV-associated B cell activation and antigen-specific maturation and facilitate class switch, thus enhancing enteric clearance of RV infection.
Results
pDCs are necessary and sufficient for human B cell activation by RV in vitro. RV infection triggers early and substantial B cell activation in vivo (31) . We have previously demonstrated that human B cells become activated, as evidenced by CD69 expression, following RV infection of total PBMCs and that this activation is abrogated upon B cell purification (34) . Although pDCs perform several important antiviral functions in vivo, other cells, including macrophages and myeloid DCs (35) , can also secrete type I IFN in response to infection. We first assessed whether pDCs are required for in vitro B cell activation in response to RV. Human B cells within PBMC preparations depleted of pDCs failed to upregulate the early activation marker CD69 in response to in vitro RV stimulus ( Figure 1A) . The observed lack of B cell activation was not due to the selection procedure, as reconstitution of the cultures with purified autologous pDCs restored CD69 upregulation so that it was comparable to the levels reached in whole PBMC cultures ( Figure 1A ). Together, these experiments show that pDCs are necessary for B cell activation by RV in vitro.
To elucidate whether pDCs directly mediate B cell activation in response to RV, we purified human B cells from PBMCs and infected them with RV in the presence or absence of autologous pDCs. We assessed B cell activation, as measured by CD69 expression 12 hours after infection ( Figure 1B ). In agreement with previous reports (34) , RV infection of purified B cells alone did not result in CD69 upregulation. In the presence of pDCs, however, we observed a significant increase in the percentage of cells expressing CD69 ( Figure 1B ). This activation was only observed in the presence of both pDCs and RV, indicating the specificity of the response. We conclude that pDCs are sufficient for in vitro human B cell activation by RV.
We have previously shown that RV induces B cells within total PBMCs, but not in isolation, to differentiate into antibodysecreting cells (ASCs) (34) . The failure of purified B cells to differentiate into ASCs suggested that other cells participate in this process (34) . To determine whether pDCs were required, we assayed total PBMCs or PBMCs depleted of pDCs for plasmablast induction 4 and 5 days after exposure to RV or mock stimulus ( Figure 1C ). Compared with total PBMC cultures, the percentage of CD3 -CD19 + CD20 lo CD38 hi plasmablasts was significantly decreased in total PBMC cultures depleted of pDCs both 4 and 5 days after RV stimulus (P < 0.05; repeated measures ANOVA with Neuman-Keuls multiple comparison test). Although the percentage of B cells expressing extracellular IgA was significantly decreased in the absence of pDCs ( Figure 1D ; P < 0.05; paired t test), surface and intracellular IgM, IgA, and IgG staining among the plasma cells that did form after RV stimulus was similar to that seen on plasma cells within total PBMCs exposed to RV (data not shown), suggesting that the plasma cells that formed in the absence of pDCs retained full functionality. These data demonstrate that pDCs are also necessary for the induction of human plasmablasts following RV stimulus in vitro.
While B cells represent approximately 10% of the circulating PBMC population, pDCs are exceedingly rare, composing approximately 0.1% of total PBMCs (36) . Additionally, pDCs predomi- nately reside within the T cell-rich zones of the LN (37) . Thus, in vitro coculture of pDCs and B cells may lead to pDC concentrations and cell-to-cell contact formations, greatly overrepresenting the frequency of these events in vivo. To this end, we sought to determine the minimal pDC-to-B cell ratio required for B cell activation in vitro in response to RV exposure. We titrated pDCs into B cell cultures at half-log increments and assessed CD69 expression after overnight culture when stimulated with RV or medium alone. These studies revealed that a very low pDC/B cell ratio (0.0048), equating to approximately 1 pDC per 200 B cells, was sufficient to induce modest but significant increases in the percentage of B cells expressing CD69 (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI60945DS1). Activation was further increased and maximized when we cultured cells at a ratio of 1 pDC per 42 B cells, which approximates the naturally occurring ratio observed in PBMCs (mean: 1 pDC per 30.3 B cells, n = 4; Supplemental Figure 1 ). Thus, maximal pDCmediated B cell activation in vitro by RV occurs at physiologically relevant pDC/B cell ratios.
pDCs mediate human B cell activation by soluble type I IFN. The observed sufficiency of low pDC-to-B cell ratios suggest that B cell activation may depend on a soluble factor secreted by RVstimulated pDCs rather than on cell-to cell contact. To examine this hypothesis, we performed Transwell experiments in which we plated previously RV-exposed pDCs and B cells together or in separate chambers of the Transwell devices ( Figure 2A ). RV inoculation of B cells alone was insufficient to induce B cell activation. Likewise, the presence of pDCs in the absence of virus did not induce B cell activation. Importantly, RV-stimulated pDCs activated B cells regardless of whether pDCs were in direct contact with B cells or separated by the Transwell (Figure 2A ). Thus, RVstimulated pDCs effect B cell activation through a soluble factor.
To confirm this observation, we harvested supernatants from pDCs following exposure to RV or mock stimulus. Supernatants from RV-stimulated, but not mock-stimulated, pDCs were sufficient to activate autologous or allogenic B cells following overnight culture ( Figure 2B ). Activation of B cells following addition of a 1:20 dilution of supernatant from RV-stimulated pDCs suggested that RV potently induced the factor that mediates human B cell activation in pDCs. Although pDC-derived B cell-activating factor belonging to the TNF family (BAFF) and a proliferation-inducing ligand (APRIL) have been demonstrated to affect B cell responses, direct pDC/B cell contact was required for this effect (20) . We sought to determine whether RV induced BAFF or APRIL expression by pDCs and whether such expression was required to induce the B cell activation phenotype. Approximately 5% of pDCs expressed detectable BAFF at 12 hours post RV infection (hpi), and we observed similar expression of APRIL (Supplemental Figure 2 ). However, neither BAFF nor APRIL was detectable in supernatants from RV-stimulated primary human pDCs at 6 or 12 hpi (data not shown). Since cell contact is dispensable for B cell activation in our system (Figure 2A ), these observations suggest that pDCs mediate the B cell response to RV through factors other than BAFF or APRIL.
pDCs secrete at least 10 cytokines and chemokines, including IFN-α and IFN-β, in response to RV stimulus ( Table 1 , adapted from ref. 21) . Thus, we sought to determine whether one or more of these secreted factors was responsible for B cell activation by RV. We cultured purified B cells with supernatants from RV-or mock-stimulated pDCs in the presence or absence of neutralizing anti-cytokine/chemokine antibodies or the appropriate isotype controls. As illustrated in Figure 2C , CD69 expression by B cells exposed to supernatants from RV-simulated pDCs decreased significantly (∼85%; P = 0.002, repeated measures ANOVA with Tukey's multiple comparison test) upon culture with a combination of anti-IFN-α (αIFN-α), αIFN-β and αIFN-AR2 (the receptor for type I IFN) neutralizing antibodies (indicated as type I IFN in Figure 2C ). Incubation with αIFN-α alone also significantly decreased the percentage of CD69 + B cells (23%, P = 0.002, repeated measures ANOVA with Tukey's multiple comparison test) although to a far lesser extent (P < 0.05, αType 1 IFN vs. αIFN-α alone, repeated measures ANOVA with Tukey's multiple comparison test). Neutralization of IFN-β alone resulted in a 10% (nonsignificant) decrease in the percentage of CD69 + B cells compared with cells treated with isotype controls. Importantly, maximal inhibition of B cell activation by RV-stimulated pDC supernatants requires neutralization of both IFN-α and IFN-β as well as neutralization of the type I IFN receptor, thus eliminating recognition of all type I IFNs by the B cell. While this demonstrates the partially redundant roles of IFN-α and IFN-β, it may also represent a contribution of IFN-ε, IFN-κ, or IFN-ω, minor type I IFN subtypes that also signal through IFN-AR. Culture with neutralizing αIL-6, αIL-8, αIP-10, αMIP-1α, αMIP-1β, αRANTES, or αTNF-α did not significantly change the percentage of B cells activated (data not shown).
To determine whether IFN-α, a major type I IFN subtype, was sufficient to induce B cell activation or whether a minor type I IFN subtype was required, we incubated B cells with IFN-α in concentrations present in supernatants from RV-stimulated pDCs ( Table 1 , adapted from ref. 21) . Both the percentage of B cells expressing CD69 and the MFI of CD69 on these B cells increased similarly to those of B cells exposed to supernatants from RV-stimulated pDCs or cultured directly with RV-stimulated pDCs ( Figure 2D ). We observed similar results following B cell stimulus with IFN-β or IFN-ω (Supplemen- tal Figure 3 ). Thus, all tested individual type I IFNs can mediate in vitro B cell activation. Importantly, intracellular staining of total PBMCs following RV stimulation revealed that production of IFN-α and IFN-β, the major type I IFN subtypes, was selectively observed in the pDC compartment ( Figure 3 ).
pDCs and type I IFN signaling contribute to in vivo B cell activation following murine RV infection. We next sought to determine whether pDCs and/or type I IFN mediated B cell activation during RV infection in vivo. To this end, we depleted C57BL/6 mice of pDCs by i.p. injection with αPDCA-1 (aliases: BST2, CD317) antibody or treated with isotype control antibody, at days -3 and -1 prior to oral infection with wild-type murine RV (Supplemental Figure 4A ). Although PDCA-1 is exclusively expressed by pDCs under steady-state conditions, other cell types, including B cells, upregulate this marker in response to type I IFN (38) . Thus, we stopped αPDCA-1 antibody treatment before RV infection in order to try to avoid inadvertent depletion of non-pDCs, such as activated B cells. Administration of anti-αPDCA-1 significantly reduced the frequency of pDCs in the gut-associated lymphoid tissue of mock-and RV-infected mice (Supplemental Figure 4 , B-D), but did not affect the B cell population (Supplemental Figure 4E ).
As previously reported (31), we observed significant increases in B cell activation in the Peyer's patches and MLN, but not spleen, of infected mice treated with isotype control antibody 3 days after RV infection ( Figure 4, A pDC deficiency impairs in vivo serum and fecal antibody responses to RV. To further elucidate the consequences of pDC deficiency during in vivo rotaviral infection, we examined RV-specific antibody responses by ELISA. We observed defective RV-specific serum IgG and IgA responses in αPDCA-1treated mice at 5 and 10 days post infection (dpi), respectively ( Figure 5,  A and B) . In contrast, RV-specific IgM titers ( Figure 5C ) were higher in mice lacking functional pDCs early after infection. Whether the increased IgM reflects a deficit in class switching in the absence of pDCs or is a compensatory response to diminished IgG and IgA is unclear at this point. Importantly, total IgA, IgG, and IgM levels were similar among all groups of animals at 7 and 10 dpi (data not shown), indicating that the defective response was restricted to virus-specific antibody production.
Intestinal IgA is an important component of the resolution of RV infection (39) (40) (41) . As RV-specific antibody responses are observed in T cell receptor-deficient mice (27) and CD8 + T cells accelerate RV clearance (23, 42) , we repeated our αPDCA-1 antibody treatment regimen followed by oral RV infection in CD8deficient animals to assess the role of pDCs in the induction of RV-specific fecal IgA during acute infection independent of the CD8 + T cell response. As observed in the serum, RV-specific fecal IgA production was significantly diminished following infection in αPDCA-1-treated CD8 knockout mice ( Figure 6A ).
To ascertain whether induction of the murine B cell response to RV specifically required pDC-derived type I IFN, we next employed an αSiglecH antibody, previously demonstrated to abrogate type I IFN production by pDCs in a DAP12-dependent manner (43) . We treated wild-type C57BL6/J with αSiglecH antibody daily, from day -1 prior to infection through 5 dpi, as αSiglecH does not deplete pDCs (ref. 43 and Supplemental Figure 4) . Consistent with the αPDCA-1-treated mouse results, a significant defect in B cell activation was also observed in the αSiglecH-treated mice (Supplemental Figure 5 ). This further demonstrates that pDCs, through type I IFN, mediate B cell activation. Additionally, the deficiency in fecal RV-specific IgA was significantly more pronounced in αSiglecH-treated CD8 + T cell knockout mice ( Figure 6A ). To confirm these results, and to rule out possible nonspecific effects of the antibody treatment, we used BDCA2-DTR transgenic mice. pDC-depletion in these animals can be selectively induced by diphtheria toxin (DT) injection (12) . Consistent with αPDCA-1and αSiglecHtreated CD8 + T cell knockout mice, shedding of RV-specific IgA was significantly decreased in BDCA2-DTR animals following pDC depletion ( Figure 6B ). Since the BDCA2-DTR mice contain normal CD8 + T cell numbers, these data show a direct effect of pDCs that is not influenced by any possible side effects created by the lack of CD8 + T cells. Together, these data indicate that pDC-derived type I IFN is essential for the optimal induction of mucosal virus-specific antibody responses in vivo.
The defective pDC response enhances rotaviral shedding. We next examined the effects of impaired pDC responses on RV replication by examining fecal shedding of RV antigen in adult mice treated with selected anti-pDC antibodies ( Figure 7A ). As above, we used CD8 knockout mice in these studies, as CD8 + T cells themselves have been demonstrated to enhance RV clearance (23, 42) . This approach enabled the direct examination of the pDC-instructed B cell response with regard to rotaviral clearance independent of cytotoxic T lymphocyte effects.
Both αPDCA-1and αSiglecH-treated mice shed increased amounts of RV antigen in the feces compared with isotypecontrol animals following RV infection (P < 0.02, Figure 7A ). As expected, this was significantly more pronounced with the continual administration of the αSiglecH antibody compared with the animals treated with αPDCA-1 antibody only prior to infection (P = 0.0011, Figure 7A and Supplemental Figure 4 ). Peak viral shedding was observed in αSiglecHand αPDCA-1-treated mice on 6 dpi, while maximal shedding was observed at 7 dpi in the mice receiving the isotype control ( Figure 7A ). Furthermore, isotype control-treated mice cleared virus by 8 dpi, at which time RV antigen was still detectable in the feces of αSiglecHand αPDCA-1treated animals. Notably, total RV shedding was significantly increased in mice receiving αSiglecH (P = 0.0011, Figure 7A ). A similar statistically significant prolongation of shedding was observed in IFN-R knockout mice compared with SV129 wild-type mice (P = 0.0152, data not shown). Separate studies performed in BDCA2-DTR animals and their wild-type controls, which both had functional CD8 + T cells, revealed an early enhancement in viral shedding at 3 dpi in the absence of pDCs ( Figure 7B ). We did not observe differences in viral clearance, presumably due to sufficiently strong CD8 + T cell responses in these mice (data not shown). Together, these data signify that the pDC response is integral to the early control of RV replication and contributes to viral clearance.
Figure 5
pDC-deficiency impairs in vivo serum antibody responses to RV. Serum RV-specific IgG (A), IgA (B), and IgM (C) were assessed by ELISA in isotype control (white) and PDCA-1-depleted (black) mice at the indicated dpi. *P ≤ 0.05; ***P ≤ 0.001, t test; n = 5 per group.
Figure 6
pDC deficiency impairs in vivo mucosal IgA responses to RV. Fecal IgA was assessed by ELISA in (A) isotype control (black), anti-PDCA-1treated (white), or anti-SiglecH-treated (gray) CD8 knockout or (B) Wild-type (black) or BDCA2-DTR (white) mice at the indicated dpi. *P ≤ 0.05; **P ≤ 0.01 ***P ≤ 0.001, Mann-Whitney; n = 3-5 per group.
Discussion
B cells are critical for the generation of protective immunity to multiple viral infections, including RV. While transfer of either T or B cells to chronically infected Rag-knockout mice is sufficient to mediate RV clearance, suckling J H D (B cell deficient) pups that cleared primary infection with murine RV were susceptible to reinfection as adults (23) . Additionally, sporadic shedding has been reported in J H D and μMT mice following initial viral clearance (23, 42) . Consistent with these observations, B cell activation is observed in murine gut-associated lymphoid tissues, such as Peyer's patches and MLN, early following in vivo RV infection (31) . This rapid B cell response is T cell independent in mice (32) . Recent studies of human circulating and intestinal B cells stimulated with RV in vitro suggest that B cell activation requires an accessory innate cell or molecule (34) .
In the present study, we demonstrate that pDCs are necessary and sufficient for activation by RV in both in vitro and in vivo human and murine B cells, respectively. Consistent with previous descriptions of B cell activation during human cytomegalovirus infection (19) , type I IFN mediates induction of B cell activation during RV infection. Importantly, and in contrast with previous findings utilizing influenza and human cytomegalovirus, the current study demonstrates that in vitro pDC-mediated early activation of B cells is independent of additional stimuli such as CD40 or B cell receptor ligation (17, 19, 44) .
Type I IFN has been demonstrated to upregulate expression of TLR7 and TLR9 by B cells (45) (46) (47) , thus enhancing nucleic acid recognition and B cell responses. As pDC infection by RV is generally not productive (21) and transfer of supernatants alone from RV-stimulated pDCs is sufficient to induce B cell activation in the absence of virus ( Figure 2B ), direct recognition of RV by B cells appears dispensable for B cell activation in vitro. The present study does not exclude the possibility that recognition of type I IFN upregulates TLRs in the B cell, thus enhancing viral recognition and the B cell response. However, the sufficiency of pDCconditioned supernatants to induce B cell activation demonstrates that viral recognition by the B cell is not required for this initial activation.
Previous reports demonstrated that type I IFN mediates activation of LN-resident B cells in response to influenza or West Nile virus infection (48) (49) (50) (51) . In the context of West Nile virus infection, the authors excluded macrophages as type I IFN-producing cells, but the actual cellular source was not identified for either infection model. Here, we identify pDCs as the sole type I IFN-α/ β-producing cells in human PBMC cultures following RV stimulus (Figure 3) . Furthermore, recent studies demonstrate that murine RV infection induces type I IFN production in lymphoid, but not epithelial, cells, bolstering the current findings (22) . We have previously shown that primary human pDCs secrete approximately 10,000 pg/ml of both IFN-α and IFN-β when cultured for 6-12 hours at 1 × 10 6 pDCs/ml after RV stimulus (21) . While the minor type I IFN-ω can induce B cell activation (Supplemental Figure 3) , the magnitude of the IFN-α/β response, combined with a specific decrease in B cell activation after IFN-α neutralization, implies a minor role for other type I IFN subtypes in this process.
To address pDC-mediated B cell activation in vivo as well as to examine the resulting impact on viral clearance, we employed the mouse model of homologous murine RV infection (41, 52) . The absence of pDCs or the defect in the ability of pDCs to effect type I IFN secretion abolished mucosal B cell activation in vivo (Figure 4 and Supplemental Figure 5 ).
Transient administration of αPDCA-1, as carried out here, only temporarily ablates pDCs (Supplemental Figure 4 ). Since other cell types, including B cells, upregulate PDCA-1 in response to type I IFN (38) , we administered depleting antibody only at days -3 and -1 prior to infection, as previously described (11) , to avoid the inadvertent depletion of other cell types that might have upregulated PDCA-1 following an IFN response to RV infection. To further
Figure 7
The defective pDC response enhances rotaviral shedding. (A) Fecal shedding of murine RV was assessed by ELISA in isotype control (black), anti-PDCA-1-treated (green) or anti-SiglecH-treated (orange) CD8 knockout mice at the indicated dpi. *P < 0.05; ***P < 0.001, Mann-Whitney; n = 5 per group. (B) Fecal shedding of murine RV 3 dpi in wild-type (black) or BDCA2-DTR (white) mice; Mann-Whitney.
Figure 8
Model of B cell activation in response to RV. Immature pDCs sense RV in vivo and in vitro, leading to type I IFN production by pDCs. pDC-derived type I IFN activates naive B cells, ultimately leading to the production of RV-specific IgA in the intestines.
control for a specific effect of pDC depletion on B cell function in response to RV, we employed BDCA2-DTR mice. BDCA2 is a highly specific pDC marker in the human system. The mice we used here carry a transgene consisting of the human BDCA2 promoter coupled to the primate DT receptor. Previous studies have shown that DT injection faithfully depletes only pDCs in this model (12) . The use of this alternative approach allows full ablation of the pDC response during the whole time course of infection, since we continually administered DT during the ongoing rotaviral infection and immune response. Additionally, the DTmediated depletion rules out potential nonspecific effects caused by depleting antibodies. In addition to demonstrating the requirements for pDCs through these complementary methods of pDC depletion, we also probed the role of pDC-dependent type I IFN production using a nondepleting αSiglecH antibody; engagement of SiglecH, a lectin receptor specifically expressed by pDCs and a very small subset of tissue-resident macrophages under steadystate and inflammatory conditions, specifically inhibits type I IFN production by pDCs (refs. 43, 53, and Supplemental Figure 6 ). Importantly, macrophages within the spleen and gut-associated lymphoid tissues did not costain with αSiglecH antibody by flow cytometry in our hands (data not shown). SiglecH engagement inhibited B cell activation and RV-specific fecal IgA production in our studies, strengthening our human in vitro data in suggesting a crucial role of type IFN in pDC-mediated B cell activation.
Downstream of early activation, we observed defective plasmablast formation in vitro as well as defects in antigen-specific serum and mucosal antibody responses in vivo in the absence of pDC activity (Figures 1, 5, and 6 ). The observed decrease in RV-specific serum IgG and IgA and accompanying increase in serum IgM in the absence of a functional pDC response suggest that pDCs may have a role in the induction of class switch after infection. It is important to note that we detected differences only in RV-specific, but not total, antibody levels, in the αSiglecHand αPDCA-1treated animals. Although neither RV clearance nor protection from reinfection requires IgA (29, 54, 55) , IgA antibodies against RV structural proteins alone can mediate protection. IgA, but not IgG, monoclonal antibodies administered by a hybridoma "backpack" tumor are sufficient to protect naive newborn mice from primary infection (56) , while human RV-specific IgA as well as IgG antibodies are able to neutralize RV in cell culture (25) . Additionally, RV-specific IgA but not IgG can confer resistance to infection by neutralizing virus intracellularly following transcytosis (40, 57, 58) , and RV-specific serum IgA levels predict protection against severe clinical disease (59).
Our data provide, to the best of our knowledge, the first demonstration that pDCs, as well as pDC-derived type I IFN, contribute to the induction of virus-specific mucosal IgA antibody production and that the absence of this contribution impedes the resolution of RV infection. Although we did not address the effect of pDC-mediated B cell activation on later stages of functional B cell responses in this study, type I IFN has previously been implicated in antibody production at multiple stages, including modulation of plasma cell formation and antibody class switching (17, 49, 60) . Additionally, type I IFN is required for the formation of germinal centers in adenovirus infection (61) .
While a recent study has demonstrated that pDCs modulate mucosal IgA production in the steady state (20) , this was shown to require recognition of pDC-derived BAFF or APRIL by B cells through direct pDC/B cell contact. Importantly, production of type I IFN by stromal cells was essential for the induction of BAFF and APRIL expression by pDCs (20) . Our findings extend these steadystate observations, as the present data demonstrate that viral stimulus of pDCs overcomes the need for extrinsic epithelial cellderived type I IFN for induction of antigen-specific IgA responses. As pDCs rapidly secrete large quantities of type I IFN in response to RV stimulus (21), we performed in vitro studies to examine whether such stimulus was sufficient for the induction of BAFF or APRIL expression by purified human pDCs. The demonstration that RV stimulus induces BAFF and APRIL production, but not secretion, by pDCs (Supplemental Figure 2 and data not shown) combined with the dispensability for pDC/B cell contact for the induction of the B cell response (Figure 2A ) indicates that these cytokines are not likely to contribute to the observed in vitro B cell activation. The induction of BAFF and APRIL by pDC-derived type I IFN, independent of stromal cells, would ensure the availability of these ligands for recognition by B cells and thus allow for their contribution to the induction of the mucosal IgA response. As Peyer's patch-resident pDCs do not efficiently secrete type I IFN (62), we hypothesize that pDCs within the lamina propria or MLN are critical for the induction of the B cell response. Previous studies in suckling mice demonstrated the presence of RV within MLNs during acute infection (63) . Furthermore, it has been demonstrated that lymphoid, but not epithelial, intestinal cells produce type I IFN in response to RV infection (22) . Studies are currently underway to further elucidate the mechanisms governing this process.
The induction of an anti-RV antibody response can mediate viral clearance and is critically responsible for preventing reinfection (23) . The rapid initiation of the pDC type I IFN response by RV appears to accelerate this process as part of the host defense mechanism ( Figure 7 ). This is evidenced by increased viral shedding early after infection of αPDCA-1or αSiglecH-treated mice as well as in the BDCA2-DTR model. Although CD8 + T cells enhance the timely clearance of rotaviral infection and T cells alone can mediate short-term partial protection against RV, RV-induced early B cell activation is T cell independent (31) . We thus assessed the role of pDC-mediated B cell responses in the absence of CD8 + T cells. As such, we were able to eliminate the role of cytotoxic T lymphocyte responses in the induction of mucosal antibody production and, importantly, in primary viral clearance ( Figure 6A and Figure 7A ). Of note, however, we also saw significant defects in RV-specific fecal IgA and, to a lesser degree, in viral shedding in pDC-deficient BDCA2-DTR animals with an intact CD8 + T cell pool ( Figure 6B and Figure 7B ). Restoration of the pDC population after transient αPDCA-1-mediated depletion (Supplemental Figure 4 ) may have contributed to the more rapid clearance of RV infection and prevented viral shedding and replication from reaching the magnitude observed in αSiglecH-treated animals. Similarly, the intact CD8 + T cell response in BDCA2-DTR mice likely contributed to the timely resolution of RV shedding in these mice, thus causing kinetics of clearance similar to those observed in wild-type animals ( Figure 7B and data not shown). Importantly, defects in the RV-specific fecal IgA response were observed in the CD8-replete BDCA2-DTR animals as they were in the αPDCA and αSiglecH-treated mice ( Figure 6B) , thus supporting the critical role of pDCs in this local IgA response.
To the best of our knowledge, the current work demonstrates for the first time the critical requirement of pDC-derived type I IFN for the initiation of both B cell activation and the optimal initiation of mucosal and systemic antigen-specific antibody responses to a viral infection. Importantly, our studies demonstrate that pDCs stimulated with RV have powerful adjuvant properties for B cell activation in vitro and in vivo. In our mouse model of homologous murine RV infection, this allows for potent antibody production and influences viral clearance efficiency. Given the lack of functional differences in response to other systemically administered viruses in pDC-deficient models, we suggest that our findings on the role of pDCs in the modulation of B cell responses, summarized in Figure 8 , may be specifically relevant to mucosal tissues. We have not investigated whether pDC ablation has consequences beyond the B cell response or whether murine pDCs vary in their response to homologous versus heterologous (nonmurine) RV strains. We chose to use a homologous murine RV model because it was only with such a model that the modulating effects on viral replication by pDCs could be fully assessed. If the effects of pDCs on B cell responses are conserved during heterologous infection, type I IFN production by pDCs exposed to future heterologous RV vaccine candidates may serve as a predictive marker to measure their capacity to induce an optimal adaptive immune response in the gut. Since the humoral immune response at mucosal sites is a critical defense barrier for many opportunistic infections, pDCmediated B cell activation may be a key component of protective immunity to mucosal pathogens.
Methods
Virus preparation and inactivation. Simian tissue-culture adapted RV (RRV) was grown in fetal monkey kidney (MA104) cells in the presence of trypsin as previously described (64, 65) . Virus was trypsin activated (5 μg/ml) at 37°C for 20-30 minutes prior to pDC or B cell infection. All preparations were endotoxin-free, as determined by Limulus amebocyte lysate test (Charles River). RRV preparations were titrated by plaque assay on MA104 cells and expressed as number of PFU/ml, as described (65) . The virulent wild-type, non-cell-culture-adapted murine RV strain ECw was used to infect mice. This virus causes diarrhea in 100% of 5-day-old suckling mice, which lasts for approximately 7-9 days (52). The virus was propagated in suckling mice, used as a clarified intestinal homogenate, and its 50% diarrhea dose (DD50) was determined as previously described (52) .
Isolation of primary human pDCs and B cells. PBMCs were isolated from anonymized leukoreduction chambers obtained from the Stanford Blood Center by centrifugation over Ficoll-Hypaque (GE Healthcare). pDCs were negatively selected using the pDC Isolation Kit (Miltenyi Biotec), according to the manufacturer's instructions. To increase the purity of the pDC preparations, consecutive purifications were performed using an AutoMACS Pro (Miltenyi Biotec). An average of 2 × 10 6 pDCs, defined as viable, lineage HLA-DR + CD11c -CD123 + cells, were isolated per donor; preparations were routinely more than 85% pure. B cells were negatively selected using the human B cell Isolation Kit II and AutoMACS Pro Separator (Miltenyi Biotec), according to the manufacturer's instructions.
Depletion of pDCs from total human PBMCs. To ensure complete depletion of pDCs from human PBMCs, pDCs were positively selected by consecutive labeling with CD304 (BDCA4/Neuropilin-1) and CD303 (BDCA2) human microbead kits (Miltenyi Biotec) according to the manufacturer's instructions. Separation was performed using an AutoMACS Pro Separator. This resulted in more than 98% depletion of the pDC population, as determined by flow cytometry.
Human pDC culture, infection, stimulation, and blocking studies. Primary human pDCs, B cells, or total PBMCs were exposed to RRV or mock stimulus at a multiplicity of infection of 5 for 1 hour in serum-free RPMI 1640 (Cell-Gro) supplemented with penicillin/streptomycin and l-glutamine (Gibco; Invitrogen). pDCs were present or absent in the B cell and PBMC infections, as indicated. Cells were washed and subsequently cultured at a concentration of 1 × 10 6 cells/ml in RPMI 1640 with 10% heat-inactivated fetal bovine serum (Hyclone), penicillin/streptomycin, and l-glutamine until harvest.
Human pDC and B cell Transwell cultures. pDCs and B cells were isolated from PBMCs as described above. Each cell type was exposed to RRV (multiplicity of infection 5) in isolation for 1 hour in serum-free medium prior to plating. Cells were washed and resuspended at a concentration of 1 × 10 6 cells/ml in RPMI 1640 with 10% heat-inactivated fetal bovine serum, penicillin/streptomycin, and l-glutamine. pDCs and B cells were cultured in 12-well plates in the presence or absence of 0.4-μm Transwell inserts (Corning Inc.) at a ratio of 0.4 pDCs per B cell. When applicable, pDCs were plated within the Transwell and B cells in the well.
Cytokine neutralization and stimulus. B cells were cultured with pDC-conditioned supernatants in the presence or absence of neutralizing polyclonal antibodies against IFN-α, IFN-β, IFN-AR2 (PBL Interferon Source), MIP-1α, MIP-1β, IP-10, RANTES, TNF-α, IL-6, IL-8, or the isotype controls, normal goat IgG (R&D Systems Inc.), or normal sheep serum (Jackson ImmunoResearch Laboratories) at a concentration of 1 × 10 6 B cells/ml in RPMI 1640 with 10% heat-inactivated fetal bovine serum, penicillin/streptomycin, and l-glutamine overnight until harvest. Where indicated, purified B cells were cultured with IFN-β or IFN-ω (Pestka Biomedical Laboratories Inc.).
Plasmablast induction. Total human PBMCs or those depleted of pDCs were cultured for 4 or 5 days in 12-well plates at a concentration of 2 × 10 6 cells/ml in RPMI 1640 with 10% heat-inactivated fetal bovine serum, penicillin/streptomycin, and l-glutamine after exposure to RRV or mock stimulus, as described above. CpG 2006 (3 μg/ml; Invivogen) and IL-2 (10 ng/ml) were added to mock-stimulated cultures, as indicated, as a positive control for plasmablast induction. After culture, cells were washed and stained for analysis by flow cytometry.
Flow cytometry (FACS). Supernatants were harvested by centrifugation of cultured pDCs, B cells, or PBMCs, which were then washed once with PBS (CellGro). The LIVE/DEAD Aqua Dead Cell Stain Kit (Invitrogen) was utilized to assess cellular viability via amine exclusion. Surface staining was performed using antibodies against human CD3, CD14, CD16, CD27, CD38, HLA-DR, CD69, CD123 (BD Biosciences), CD11c, CD19, CD20 (eBioscience), and BDCA2 and BDCA4 (Miltenyi Biotec); pDCs were defined as being lineage HLA-DR + CD11c -CD123 + and costained with BDCA2 and BDCA4 (21) . Plasmablasts were defined as CD3 -CD19 + CD20 lo CD38 hi cells (66) . Cellular fixation and permeabilization were performed using Cytofix/Cytoperm (BD Biosciences) per the manufacturer's instructions prior to intracellular staining for IFN-α (BD Biosciences), IFN-β (Antigenix America), BAFF and APRIL (R&D Systems Inc.), IgM, IgG (Jackson ImmunoResearch Laboratories Inc.), or IgA (Miltenyi Biotec). When appropriate, surface immunoglobulins were blocked prior to permeabilization using F(ab′)2 goat anti-human Igs (Jackson ImmunoResearch Laboratories Inc.). Murine lymphocytes isolated from spleens, Peyer's patches, or MLNs were stained using antibodies against murine CD4, CD8, CD19, CD69, B220 (BD Biosciences), and SiglecH (eBioscience).
Data were acquired using a LSRII cytometer and DIVA software (BD Biosciences); analysis was performed using FlowJo (Treestar Inc).
Detection of secreted cytokines and chemokines. Supernatants of cultures more than 85% (mean ± SEM: 90.84% ± 0.7499) pure for pDCs were analyzed by ELISA (R&D Systems Inc.) per the manufacturer's instructions for the presence of BAFF or APRIL. Additional cytokine and chemokine secretion was determined by Luminex using MILLIPLEX MAP (Millipore) or ELISA (Pestka Biomedical Laboratories Inc.) as previously described (21) . Murine IFN-α was captured using the monoclonal antibodies RMMA-1 (Pestka Biomedical Laboratories) and F18 (Hycult Biotech Inc.) and detected with polyclonal rabbit αIFN-α (Pestka Biomedical Laboratories Inc).
Study approval.
All animal studies were approved by the Stanford Institutional Animal Care Committee. Institutional review board approval was not required for studies involving human cells, as PBMCs were isolated from anonymized leukoreduction chambers obtained from the Stanford Blood Center.
